ABSTRACT The short-term effect of pericardiectomy is to shift the in vivo left ventricular (LV) pressure-volume curve to the right. We studied nine weight-matched pairs of male guinea pigs 28 to 39 days (mean 35) after complete pericardiectomy or sham thoracotomy to determine the long-term effects of pericardiectomy on LV pressure-volume relations. Hemodynamic and in vitro LV pressure-volume 
MORE than 50 years ago, Wilson and Meek' demonstrated a constraining effect on the heart by the pericardium at physiologic filling pressures. Although several investigations have suggested that pericardial constraint of the heart is important only at elevated filling pressures,24 others have demonstrated that the pericardium affects the diastolic pressure-volume relationship of the left ventricle both at normal and elevated filling pressures.58 One concludes from these data that short-term pericardial removal shifts the left ventricular pressure-volume relationship to the right. Glantz and Parmley9 stressed the importance of pericardial restraint to left ventricular performance, and Misbach and Glantz'0 later demonstrated this importance. Short-term pericardial removal shifts the left ventricular function curve upwards; stroke volume is to the level of the great vessels anteriorly and the left atrial reflection posteriorly. Hereafter, this procedure will be termed "pericardiectomy," although no pericardium was actually removed from the animal. The thoracic cavity was closed by means of a purse-string suture in the intercostal muscle layer, and negative pressure was restored by manual thoracic compression and a chest tube. The overlying muscle was approximated, the skin was closed, and the chest tube was removed. Total apneic time (from opening of pleural space to purse-string closure) was less than 30 sec. Sham-operated animals (group 2) underwent the identical procedure except that the pericardium was touched with the forceps but not torn. Weight gain over the subsequent days was monitored to assess animal recovery to good health.
Twenty-eight to 39 days (mean 35) after thoracotomy, the matched pairs were again anesthetized with 20 mg/kg ketamine and 0.5 mg/kg im xylazine and the following vinyl catheters (0.90 mm od, 0.50 mm id) were placed: (1) a right atrial catheter through the jugular vein, (2) a left ventricular catheter through the carotid artery, and (3) a terminal aorta reference catheter (-2 cm below renal artery) through the superficial saphenous artery. Catheter position was verified by pressure monitoring and subsequently at autopsy. Catheters were tunneled subcutaneously to the back of the neck, filled with heparin, capped, and placed in a cloth pouch. Two animals, one group 1 animal and one group 2 animal, died shortly after catheter placement and no data on these were obtained. Because their pair mates had similar initial and prestudy weights, they were matched, resulting in a total of nine study pairs. The reference sample was collected with a syringe pump (Harvard Apparatus) for at least 2 min. The withdrawal rate was determined from the quotient of the blood weight and withdrawal time and ranged from 1.28 to 1.51 ml/min. The radioactivity of the entire reference sample and six well-mixed, weighed aliquots of the ashed carcass were counted for 5 min (Packard Auto Gamma Scintillation Spectrometer 5230), and the total injected counts were determined by the quotient of the ashed carcass weight and total aliquot count divided by the total aliquot weight. The left and right kidneys were counted separately to verify adequate microsphere mixing.
Study protocol
After microsphere injection and reference sample collection, a blood sample for arterial blood gas and hematocrit was obtained.
In vitro pressure-volume curves. After hemodynamic data were obtained, the animals received 100 mg/kg iv pentobarbital to induce diastolic cardiac arrest, in addition to producing anesthesia. The chest was then rapidly opened, and the heart was examined for the presence or absence of the pericardium and then removed en bloc. The right ventricular outflow tract was incised and the right ventricle and papillary muscle were dissected from the septum. The atrioventricular groove on the right side was incised from the interatrial septum to the aorta.
A snugly fitting double-lumen grooved plug 6 mm od was 156 inserted through the left atrial appendage and the mitral valve. A suture was passed around the left atrioventricular groove, aortic valve, and interatrial septum, isolating the left ventricle without collapsing the mitral anulus. The ventricle was flushed with saline at room temperature. The heart was suspended in a shallow dish of normal saline at room temperature, and the inner lumen of the cannula was connected to a Statham P-23 Db strain gauge zeroed at the midventricular level. The outer lumen was connected to a stopcock manifold and a calibrated syringe infusion pump filled with room temperature saline (Harvard Apparatus). The syringe pump was driven at a constant rate, which filled the ventricle to a pressure of 25 mm Hg over 5 to 10 sec. The ventricle was manually emptied until no more fluid could be withdrawn, and intraventricular pressure was recorded continuously while the ventricle was filled. All fluid was then withdrawn and the process was repeated until at least three curves of volume and pressure were obtained. The pressure-volume curves were approximated by a fifth order polynomial and left ventricular stiffness (dP/dV) was determined by differentiation. Ventricular radius and wall thickness were calculated from instantaneous volume and the mass of the ventricle:
Wall stress was determined as follows:
and elastic modulus was calculated, assuming that h/2 was small compared with r and that V = 4/3 v r3: Short-term pericardiectomy. Although short-term pericardial removal shifts left ventricular pressure-volume relationships to the right in the dog,6'7 we are unaware of published reports of pericardial physiology in the guinea pig. Accordingly, we investigated the effects of short-term pericardial removal on left ventricular pressure-volume relationship in five male guinea pigs. With ketamine and xylazine anesthesia, as previously described, a small vinyl catheter was placed in the jugular vein. The animals underwent anticoagulation with 500 units of heparin and were then given 100 mg/kg iv pentobarbital to induce diastolic cardiac arrest. The chest was rapidly opened. A balloon with infinite compliance over the volumes of interest, attached to a catheter on both ends, was inserted deflated into the left ventricle through a small apical stab wound. The catheter at the distal end of the balloon was exited through the aorta. A circumferential suture proximal to the exit site just above the aortic valve was placed to secure the balloon catheter and to isolate the left ventricle from the aorta. The left ventricle was manually emptied of blood through the apical vent. Care was taken to leave the pericardium intact except for the small apical slit through which the balloon was inserted. The catheter at one end of the balloon was connected to a syringe pump (Harvard Apparatus) filled with saline at room temperature; the other catheter was connected to a Statham P-23 Db strain gauge zeroed at midventricular level. Pressure-volume curves were generated and analyzed as previously described with the pericardium intact and immediately after pericardial removal. The entire procedure was performed in less than 20 min for each animal.
The left ventricle was then completely opened and inspected to ensure the absence of blood and was removed from around the balloon. Pressure-volume curves were then generated for the isolated balloon to confirm the previously noted compliance characteristics.
Statistics. The significance of differences between means of measurements for group 1 and group 2 animals was determined by Student's two-tailed t test for unpaired data. The significance of differences between pressure-volume coordinates for group 1 and group 2 animals was determined by two-way analysis of variance, by analysis of covariance for the linear relationship defined by pressure as a monoexponential function of volume, and by Student's t test for individual filling pressure. The approximation of pressure-volume curves by polynomials was accomplished by computing F values from the reduction of the sum of squares for successive Nth order polynomials. We used the Nth order polynomial with an F value indicating a probability of difference of less than 5%. 20 The significance of differences in the stress-elastic modulus relationship between group 1 and group 2 animals was determined by both two-way analysis of variance at individual levels of left ventricular stress as well as by comparison of slopes of the linear relationship with Student's two-tailed t test for unpaired data. The significance of differences after short-term pericardiectomy were determined with a two-way analysis of variance (treatment by treatment by subject), for all data points, and Student's t test for paired data for volumes at individual pressures. Each animal served as its own control.
Results
Animal recovery. Both groups were well matched by similar body weights at the time of pairing (0.823 ± 0.061 and 0.829 ± 0.069 kg, respectively). Weight gain occurred in both groups, and at the end of the study, group animals (42 ± 7 mm Hg/cc) were not different. Figure  5 demonstrates that there was no significant difference in the stress-elastic modulus relationship for left ventricles of the group 1 and 2 animals for any given level of left ventricular stress (p > .25). In addition, the slopes of the linear relationship (18.5 ± 4.6 and 16.6 ± 3.3, respectively; p > .30) were not different. Pressure-volume relations were also assessed, assuming that pressure was a monoexponential function of volume. Figure 6 shows that the log pressure-volume relationship is shifted to the left after pericardiectomy. Analysis of covariance of the linear regression of the log pressure-volume relationship showed no difference in slopes (group 1, 3.60 ± 1.22; group 2, 3.40 ± 1.26; p = NS), but the x-intercept was shifted to the left (group 1, .263 ± .169; group 2 .374 ± .134; p < .001) after pericardiectomy. Ventricular volume at 0 pressure (V.), determined from individual pressurevolume curves, was also lower after pericardiectomy (0. 171 ± 0.067 vs 0. 197 ± 0.056) but not statistically significant. Therefore, when pressure-volume relations were normalized for V0 (figure 7), the curves for both groups were identical.
Calculated ventricular dimensions at a filling pressure of 10 mm Hg are shown in table 4. Left ventricular radius was decreased after pericardiectomy with borderline significance. Left ventricular wall thickness after pericardiectomy was increased (p < .025) and the 160 = lung.
radius-to-wall thickness ratio after pericardiectomy was decreased (p < .01).
Short-term pericardiectomy. Figure 8 shows that the left ventricular pressure-volume relations are shifted to the right after short-term pericardiectomy in the five animals studied (p < .025). At 6 mm Hg the left ventricular balloon volume was 0.35 ± 0.10 cc with the pericardium intact and 0.40 ± 0.10 cc with the pericardium removed (p < .05).
Discussion
Like that in other species, the pericardium in the guinea pig restrains left ventricular filling at physiologic pressure. The procedure we used to test the effect of the pericardium on left ventricular pressure-volume relations produced insignificant damage to the pericardium and did not involve suturing or closing the pericardium. Pericardial repair has been shown to importantly alter pericardial function.8 The ventricular volume measurement, although reproducible in each animal, did not measure actual left ventricular volume. Because the mitral valve was intact, important displacement of the ventricular balloon by chordae and papillary muscles was unavoidable. Our data demonstrate that short-term pericardial removal in the guinea pig shifts the left ventricular pressure-volume relationship to the right. Precise quantitation of this shift must await studies with different methods. LV Volume * VO 1. The short-term effect of pericardial removal is to shift the ventricular function curve to the left.'0 Some form of circulatory or cardiac adjustment must therefore occur to compensate for this shift and return hemodynamics to baseline. We propose that the leftward shift in the left ventricular pressure-volume relationship 1 month after pericardiectomy may be the compensation by which somatic needs and normal filling pressures are maintained.
